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Abstract
The present metamorphic crystalline basement of the South China Block was formed largely as a result of the
early Paleozoic (∼460-410 Ma) orogeny, which affected large areas of this continental block. Paleozoic
metamafic rocks (garnet amphibolites) with typical normal mid-ocean ridge basalt chemical compositions
were recently identified from an uplifted lower-crustal rock assemblage in the Chencai area of the Cathaysia
Block. This article focuses on the first integrated studies of secondary-ion mass spectroscopy (SIMS) zircon
U-Pb dating and zircon Lu-Hf-O and whole-rock Sm-Nd isotopic analyses on these metamafic rocks, for the
purpose of better constraining the ancient geodynamic processes of this orogeny. The SIMS zircon U-Pb
dating results show that these mafic rocks underwent high-grade metamorphism at ∼427 Ma, within the time
span of Paleozoic orogeny. Most zircon Lu-Hf and O isotopic results display relatively uniform compositions,
with δ18O values scattering around +9‰ and the calculated εHf(t) values of most metamorphic zircons
ranging from +9.8 to +15.1. The143Nd/144Nd and147Sm/144Nd ratios of the three samples are
0.513075-0.513103 and 0.20508-0.205832, respectively. The εNd(t) values are high positive, ranging from
+8.05 to +8.63. These ratios resemble those of basaltic rocks newly derived from a depleted-mantle source.
Zircon Hf model ages are ∼540 Ma, older than the previous result of ∼496 Ma, suggesting that these newly
formed crustal materials were likely extracted from the depleted-mantle source during the early Paleozoic. It is
thus inferred from such isotopic characteristics, as well as previously published data of the metamafic rocks,
that the previous notion-that a deep lithospheric fracture reaching asthenospheric mantle was absent from the
Early Paleozoic South China Orogen-should be reconsidered.
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AB STRACT
The present metamorphic crystalline basement of the South China Block was formed largely as a result of the early
Paleozoic (∼460–410 Ma) orogeny, which affected large areas of this continental block. Paleozoic metamafic rocks
(garnet amphibolites) with typical normal mid-ocean ridge basalt chemical compositions were recently identified
from an uplifted lower-crustal rock assemblage in the Chencai area of the Cathaysia Block. This article focuses on the
first integrated studies of secondary-ion mass spectroscopy (SIMS) zircon U-Pb dating and zircon Lu-Hf-O and whole-
rock Sm-Nd isotopic analyses on these metamafic rocks, for the purpose of better constraining the ancient geodynamic
processes of this orogeny. The SIMS zircon U-Pb dating results show that these mafic rocks underwent high-grade
metamorphism at ∼427Ma, within the time span of Paleozoic orogeny. Most zircon Lu-Hf and O isotopic results display
relatively uniform compositions, with d18O values scattering around 19‰ and the calculated εHf(t) values of most
metamorphic zircons ranging from 19.8 to 115.1. The 143Nd/144Nd and 147Sm/144Nd ratios of the three samples are
0.513075–0.513103 and 0.20508–0.205832, respectively. The εNd(t) values are high positive, ranging from18.05 to18.63.
These ratios resemble those of basaltic rocks newly derived from a depleted-mantle source. Zircon Hf model ages are
∼540 Ma, older than the previous result of ∼496 Ma, suggesting that these newly formed crustal materials were likely
extracted fromthedepleted-mantle source during the early Paleozoic. It is thus inferred fromsuch isotopic characteristics, as
well as previously published data of the metamafic rocks, that the previous notion—that a deep lithospheric fracture
reaching asthenospheric mantle was absent from the Early Paleozoic South China Orogen—should be reconsidered.
Online enhancements: appendix and supplemental tables.
Introduction
The South China Block (SCB), which occupies the
whole of South China in the southeastern Eurasian
continent, is a continental block with a rather com-
plex tectonic evolutionary history. To the north, the
SCB is bounded by the Qinling-Dabie-Sulu high-
pressure–ultrahigh-pressuremetamorphic belt, which
is the subduction and continental-collision zone be-
tween the SCB and the North China Craton. Its
western-northwestern and the southwestern bound-
aries are usually considered to be the Longmenshan
fault and the Song-Ma fault, respectively (fig. 1). The
SCB is generally considered to consist of three tec-
tonic units, namely, the Yangtze Block in the north-
west, the Cathaysia Block in the southeast, and the
Jiangnan belt in themiddle, whichwelded the former
two together during the Neoproterozoic (fig. 1; Shu
et al. 1994; Charvet et al. 1996; X.-H. Li et al. 1997,
2009a; Z.-X. Li et al. 2002; Cawood et al. 2013; Zhang
et al. 2013b; Xu et al. 2014; Zhao 2014). Even though
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significant controversies still exist as to exactlywhen
and how the amalgamation occurred (Wang et al.
2008, 2012a, 2014b; X.-H. Li et al. 2009a; Charvet
2013; C.-L. Zhang et al. 2013a; Zhao 2014; Y. Zhang
et al. 2015b; L. Li et al. 2016; Yao et al. 2016; Zhang
andWang 2016; Zhang 2017), it is almost undeniable
that the SCB achieved more than 90% of its present-
day crustal materials by the late Neoproterozoic, as
shown by Sm-Nd and Lu-Hf isotopic data of rocks
with various zircon U-Pb ages (Jahn et al. 1990; Chen
et al. 1991; Li and McCulloch 1996; Mao et al. 2011;
Li et al. 2014). Besides the Neoproterozoic crustal
formationevent, there are threemore tectonothermal
events that strongly influenced the SCB: early Pa-
leozoic, early Mesozoic, and late Mesozoic orogenies
(Wong 1929; Cui and Li 1983; Ren et al. 1986; Yin
et al. 1999; Xing et al. 2010, 2014; Shu 2012; Wang
et al. 2013a; Zhang et al. 2013b; Ren and Li 2016). As
a result of these multiple tectonothermal events, the
boundaries between the three tectonic units are
quite ambiguous, except the Jiang-Shao fault, which
iswidely believed to demarcate the Jiangnan belt and
the Cathaysia Block (fig. 1).
The early Paleozoic South China orogeny (Mid-
dle Ordovician to Early Devonian, also known as
the Wuyi-Yunkai orogeny) is an important tecto-
nothermal event that shaped the present-day crys-
talline basement of vast areas of the SCB, involving
most of the Cathaysia Block and the southeastern
Yangtze Block (Huang 1941, 1960; Ren 1964; Guo
et al. 1989; Ren and Chen 1989; Wang et al. 2010,
2012b, 2013a; Shu 2012; Zhang et al. 2013b; Shu
et al. 2014). This orogenywas originally identified on
the basis of a widespread unconformity between the
Devonian sedimentary rocks and pre-Devonian meta-
morphic basement (see the reviews by Shu 2012,
Wang et al. 2012b, and Shu et al. 2014). Yang et al.
(1995), Zhao et al. (1996), Wu et al. (1998), and He
Figure 1. Simplified geological map of the South China Block, showing locations of recently reported Paleozoic
mafic rocks in the Cathaysia Block. The question marks show the undefined boundaries between terranes. This map
is modified after Zhao et al. (2015c, 2017). A color version of this figure is available online.
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et al. (2000) presented several lines of evidence argu-
ing for the existence of Paleozoic oceanic crust, and
they interpreted this orogeny to indicate continent or
microcontinent amalgamation during the Paleozoic.
Tectonic models such as “soft collision,” “polycyclic
suturing,” and “multiple terrane accretion”were also
proposed to address the absence of contemporaneous
high-pressure metamorphic rocks, which are usually
found in small volumes in collisional and accretionary
plate boundaries (Guo et al. 1984; Jahn et al. 1990; Ren
et al. 1999; Yin et al. 1999). Many other studies sug-
gested that oceanic rocks are absent from the Paleo-
zoic SCB (Ren et al. 1986; Li 2000; Faure et al. 2009).
Because of the absence of Paleozoic ophiolites and
high-pressure metamorphism, as well as the con-
tinuous Paleozoic sedimentation across vast areas
of South China (Chen et al. 2010, 2012; Shu 2012;
Shu et al. 2014), the early Paleozoic orogen has been
widelyregardedasanintraplateorogen(Renetal.1986;
Renand Chen 1989; Lin et al. 2008; Faure et al. 2009;
Z.-X. Li et al. 2010c; S. Li et al. 2012; Shu 2012; Wang
et al. 2012b; Shu et al. 2014). Deep lithospheric frac-
ture reaching asthenospheric mantle was further in-
ferred by many of the above researchers to be absent
from the early Paleozoic orogen.
Mafic-ultramafic rocks, which are critical for un-
raveling the geodynamic processes during Paleozoic
orogeny, have been reported from several places in
the Cathaysia Block (fig. 1), and nearly all of these
rocks were reported to be derived from enriched lith-
ospheric mantle sources (Yao et al. 2012; Wang et al.
2013b; Zhang et al. 2016; Zhao et al. 2015b). Wang
et al. (2014a) and Chen et al. (2015) reported the Pa-
leozoic garnet amphibolites from the Longyou area
(along the Jiang-Shao fault), and they interpreted them
to be retrograde eclogite formed through Paleozoic
plate subduction and collision, which was challenged
by other studies (Wang et al. 2016, 2017). Besides the
amphibolites in the Longyou area, Paleozoic granu-
lite facies rocks have also been reported in two other
places along the Jiang-Shao fault, namely, the Zhou-
tan andChencai areas (fig. 1; Yu et al. 2014; Zhao et al.
2015b, 2016). Among the suite of mafic to ultramafic
rocks, the garnet amphibolites show chemical char-
acteristics similar to those of normalmid-ocean ridge
basalt (N-MORB), with flat rare earth element (REE)
patterns (Zhao et al. 2015b), and this is the first dis-
covery of Paleozoic mafic rocks with such chemical
compositions. In this study, we present integrated
studies of field occurrences, petrographic observa-
tions, zirconU-Pb-O-Hfdata, andwhole-rockSm-Nd
isotopic characteristics of these garnet amphibolites.
These results coherently support that their protolith
represents Paleozoic juvenile crustal materials de-
rived from a depleted-mantle source.
Geological Background and Samples
Two different areas, one mainly exhibiting early
Paleozoic and the other mainly showing Meso-
zoic metamorphic overprinting, have been identified
from the Cathaysia Block (Zhao et al. 2015c; fig. 1).
The Chencai area, located in the northeastern Ca-
thaysia Block, is well within the Paleozoic belt, rep-
resenting the northeastern extension of the Early Pa-
leozoic South China Orogen. Rocks that extensively
outcrop in this area were assigned to the Chencai
Group (fig. 2), and they were previously divided into
four formations: theDaojiuwan, Xiahetu, Xiawuzhai,
and Xu’an Formations (Kong et al. 1995). The Dao-
jiuwan Formation is dominated by interlayered am-
phibolite, biotite gneiss, and quartzite. The Xiahetu
Formation is mainly composed of interlayered am-
phibolite, marble, and feldspathic leptynite. The Xia-
wuzhai Formation is dominated by interlayered gar-
net pyroxene amphibolite and biotite gneiss. Rocks of
the Xu’an Formation are mainly sillimanite garnet
biotite gneiss containing graphite gneiss. The proto-
lith associations have been interpreted to be a tec-
tonically disrupted flysch formation, belonging to a
sequence of aluminum-rich sedimentary rocks and
volcanic rocks (Kong et al. 1995). This division was
actually based on rock assemblages and character-
istics shown by rocks of different regions, rather than
on the primary stratigraphic characteristics of a de-
fined sedimentary sequence. Instead, strong ductile
deformation and anatexis have eliminated all primary
sedimentary textures (fig. 3A, 3B). Typical metamor-
phic minerals, such as garnet, sillimanite, graphite,
and biotite, are pervasive in rocks of all four “for-
mations.”Geochronological studies show that these
rocks underwent high-grade metamorphism and ex-
tensive anatexis during 420–450Ma (fig. 3A, 3B; Zhao
et al. 2016; Li et al. 2018). Detrital zircons of these
metasedimentary rocks are dominated by Neoprote-
rozoic populations with an age range of 780–830 Ma
(Yao et al. 2014; Zhao et al. 2016).
As shown in figure 2, some mafic-ultramafic
rocks also occur in the Chencai region, besides the
ChencaiGroupmetasedimentary rocks.Thesemafic-
ultramafic rocks, as well as the Chencai Group
metasedimentary rocks, used to be regarded as Neo-
proterozoic mélange related to the Neoproterozoic
amalgamation between the Yangtze and Cathaysia
Blocks at the expense of a Neoproterozoic ocean. Zhao
et al. (2015b) proved that these mafic-ultramafic
rocks were actually formed during the early Paleo-
zoic, rather than the Neoproterozoic. These rocks
occurring in the Chencai region are considered by
some researchers to represent a Paleozoic convergent
plate boundary accretionary complex developed dur-
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ing the Early Paleozoic South China Orogen (Wang
et al. 2014a). In that case, theChencaiGroup contains
allochthonous bodies of rocks derived from an active
convergent plate boundary, with possible intercala-
tions of rocks fromthe subducted plate. There are also
other interpretations that this rock associationmight
represent the uplifted middle- to lower-crustal com-
ponent during the Paleozoic orogeny (Z.-X. Li et al.
2010c; J. Li et al. 2017). These mafic-ultramafic rocks
occur as lenses, deformed small plutons, and dismem-
bered blocks within the metasedimentary rocks (ana-
tectic migmatites; fig. 3C–3F). Most of these mafic-
ultramafic rocks underwent amphibolite to granulite
facies metamorphism (Zhao et al. 2016). Geochem-
ical and isotopic characteristics of part of the mafic-
ultramafic rocks, together with the metamorphism
of the Chencai region, led Zhao et al. (2015b) to pro-
pose that these rocks are actuallyuplifted lower-crust
components and likely represent orogenic root asso-
ciations formed during the early Paleozoic. To the
northwestern part of the Chencai area is the Jiang-
Shao fault (ductile shear zone; fig. 1). The Neoprote-
rozoic ShuangxiwuGroup, of whichmost of the rocks
underwent only greenschist facies metamorphism,
lies to the other side of the Jiang-Shao fault (fig. 2).
All the samples in this study were collected from
the Chencai area, and they occur as lenses or dis-
membered blocks in anatectic migmatites of the
Chencai Group. Intrusive thin leucosome veins de-
rived from anatectic metasedimentary rocks can be
seen onmost outcrops of garnet amphibolite (fig. 3).
The three samples (15CC02-2, 15CC02-3, andCC13-
05) studied all have the same mineral assemblage of
garnet 1 amphibole 1 plagioclase 1 biotite 1 il-
menite, and some quartz where many garnet grains
are present. All the primarymagmatic textures have
been replaced by amphibolite facies metamorphic
textures (fig. 4).
Analytical Techniques
Standard heavy-liquid and magnetic techniques
were used in zircon grain separation, after the sam-
ples were crushed. Zircon grains were then hand-
picked under a binocular microscope. The selected
grains, together with zircon standards (see detailed
descriptions below), were then cast in 25-mm epoxy
disks and then were ground and polished to expose
midsections through the grains for cathodolumine-
scence (CL) imaging, U-Pb dating, and O and Lu-Hf
Figure 2. Simplified geological map of the Chencai area, showing the location of the studied metamafic rocks of this
article. This map is modified after Zhao et al. (2015b, 2016) and Kong et al. (1995). A color version of this figure is
available online.
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isotope analyses. The internal zoning was examined
with aCLdetector (GartonMonoCL31) installed on
a Quanta 200F environmental SEM, with a 2-min
scanning timeunder conditions of 15 kV and120nA,
at the Institute of Geology, Chinese Academy of
Geological Sciences.
Secondary-ion mass spectrometry (SIMS) zircon
U-Pb dating was also conducted at the Institute of
Geology and Geophysics, Chinese Academy of Sci-
ences (IGGCAS), with a CAMECA IMS 1280 SIMS
(spectrometer). Detailed analytical procedures can
be found in X.-H. Li et al. (2009b) and Q.-L. Li et al.
(2010a). During analysis, the O22 primary ion beam
was accelerated at 13 kV, and the intensity was
∼10 nA. The ellipsoidal spot is about 20 mm# 30 mm
in size. Oxygen flooding was used to increase the O2
pressure to ca. 5# 1026 torr in the sample chamber,
enhancing Pb1 sensitivity by a factor of12, to a value
Figure 3. Field photos of the anatectic migmatites belonging to the Chencai Group (A, B) and the metamafic rocks
occurring as dismembered blocks or lenses (C–F). A color version of this figure is available online.
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of ca. 25–28 counts per second (cps)/nA/ppm for zir-
con (X.-H. Li et al. 2009b). Zircon standard Plešovice,
with a known age of 337 Ma (Sláma et al. 2008), was
used to calibrate the measured Pb/U ratios. A long-
termuncertainty of 1.5% (1 relative SD) for 206Pb/238U
measurements of the Plešovice standard was propa-
gated to the unknowns, even though the measured
206Pb/238U error in a specific session is generally
around1% (1 relative SD) or less (Q.-L. Li et al. 2010a).
The measured Pb isotopic compositions were cor-
Figure 4. Photomicrographs showing the representative mineral assemblages and metamorphic textures of the three
garnet amphibolite samples: 15CC02-2 (A, B), 15CC02-3 (C, D), and CC15-03 (E, F ). Amph p amphibolite; Bt p
biotite; Grt p garnet; Ilm p ilmenite; Pl p plagioclase. A color version of this figure is available online.
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rected for common Pb with nonradiogenic 204Pb. An
average present-day crustal Pb composition (Stacey
and Kramers 1975) was used for common Pb, on the
assumption that the common Pb was largely due to
surface contamination introduced during sample prep-
aration. The data were assessed with the ISOPLOT
program (Ludwig 2012). Twelve analyzed standard
Qinghu zircon spots, as unknowns, gave a weighted
mean 206Pb/238U age of 159:95 1:9 Ma (MSWD p
0.87). After analytical errors are taken into consid-
eration, this age is consistent with the recommended
206Pb/238U age of 159:95 0:2 Ma (2 SE; X.-H. Li et al.
2009b).
The zircon oxygen isotopic compositions were
also analyzed with the CAMECA IMS 1280 SIMS
at IGGCAS. Detailed analytical procedures were
similar to those described by Li et al. (2010b). The
Cs1 primary-ion beam was accelerated at 10 kv, with
an intensity of ∼2 nA. The spot size was ∼20 mm in
diameter.A normal-incidence electronflood gunwas
used to compensate for sample charging during anal-
ysis. Oxygen isotopes were measured in multicollec-
tionmode on two off-axis Faraday cups, with mass res-
olution of ∼2500 (slit 2). The intensity of 16O was
typically no less than 1# 109 cps. Each analysis took
less than 4 min, consisting of presputtering (ca. 60 s),
automatic beam centering (ca. 60 s), and integration
of oxygen isotopes (20 cycles# 4 s). The instrumental
mass fractionation factor (IMF) was corrected with
zircon standard Penglai, with a d18O (Vienna standard
mean oceanwater) value of 5:3‰5 0:1‰ (2j; Li et al.
2010b). The standard data were collected regularly
throughout the analytical session as the IMF drifted
with time (standard data are presented in table S1;
tablesA1–A4andS1are available online). TheQinghu
zircon standard was measured as an unknown and
yielded a standard deviation of 0.4‰ (2j), whichwas
used for least uncertainty for individual analysis.
Uncertainty on individual analysis was usually bet-
ter than 0.2‰–0.3‰ (2j).
Zircon Hf isotope analyses were also carried out
in the State Key Laboratory of Lithospheric Evo-
lution at IGGCAS, with a Neptune multicollector
(MC-)ICPMS. A 40–63-mm spot size was applied dur-
ingablationwitha193-nmlaser,witha repetition rate
of 10 Hz in most cases. Detailed descriptions of the
instrument and analytical procedures are similar to
those inWuetal. (2006).Thedomainsof zircon grains
chosen for Hf isotopic analyses were the same as
those for theOisotopeanalysisandU-Pbdating.Two
zirconstandards,GJandMudTank,whoseU-Pbages
and Hf isotope compositions are quite uniform and
well documented (Woodhead and Hergt 2005; Zeh
et al. 2007; Xie et al. 2008), were used tomonitor the
stability of the instrument during analyses. In the
analytical sessions reported here, the weighted 176Hf/
177Hf(c) value of GJ was 0:282003250:0000041 (n p
26, MSWD p 0:84), and the weighted 176Hf/177Hf(c)
of Mud Tank was 0:28249550:000005 (n p 10,
MSWD p 0:86; “c” denotes “corrected”), which, af-
ter taking the analytical errors into consideration,
are consistent with the values recommended previ-
ously (Woodhead and Hergt 2005; Zeh et al. 2007;
Xie et al. 2008). On the basis of depleted-mantle and
chondrite sources, model ages (TDM(Hf)) and εHf(t)
of zircon grains were calculated. The values of
176Hf/177Hf and 176Lu/177Hf are 0.28325 and 0.0384
for modeled depleted mantle (Griffin et al. 2002)
and 0.282772 and 0.0332 for chondrite, respectively
(Blichert-Toft andAlbarède1997).Thedecay constant
of 176Lu adopted in this article is 1:867# 10211 per
year (Söderlund et al. 2004).
Whole-rock Sm-Nd isotopic analyses were con-
ducted at IGGCAS. Detailed descriptions of instru-
ments involved and analytical procedures are pres-
ented in Yang et al. (2010) and Li et al. (2011a, 2011b).
As mentioned above, the amphibolites were intruded
by thin anatectic veins during regional metamor-
phism (fig. 3). During preparation of sample powders
for Sm-Nd isotope analyses, these veins were all re-
moved after the samples were broken into small
pieces. Very fine-grained whole-rock powders for Nd
isotopic analyses were dissolved in Savillex Teflon
screw-top capsules after being spiked with mixed
149Sm-150Nd tracers before HF1HNO31HClO4 disso-
lution. The classical two-step ion exchange chromato-
graphic method was used for Sm and Nd separation.
The samples were then measured with a Finnigan
MAT262 MC thermal ionization mass spectrome-
ter (MC-TIMS). The blank during the whole proce-
durewas lower than 100 pg. The isotopic ratios were
corrected for mass fractionation by normalizing to
146Nd=144Nd p 0:7219. The international standard
sample JNdi-1 was employed to evaluate instrument
stability during the period of data collection. The
measured values for JNdi-1 were 143Nd=144Nd p
0:51211850:000007 (n p 3, MSWD p 0:38). The
USGS reference material BCR-2 was measured to
monitor the accuracy of the analytical procedures,
with the following result: 143Nd=144Nd p 0:5126245
0:000012 (n p 1), which is consistent with the sug-
gested value of BCR-2 yielded by TIMS and MC-
ICPMS techniques (Yang et al. 2010; Li et al. 2011a,
2011b).
Results
Zircon U-Pb Dating Results. Most zircon grains
from the three garnet amphibolite samples show char-
acteristics similar to those shown by the CL images
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(fig. 5). These zircons are mostly round or elliptical,
exhibiting low aspect ratios (mostly between 1∶1 and
3∶1) and displaying low-luminescence characteristics.
Some of the grains have very high-luminescence nar-
row rims and darkmantles (e.g., grain 24 of 15CC02-
2 in fig. 5A) that are too narrow for dating. Several
grains from these three samples show core-rim struc-
tureswith cores exhibiting higher luminescence than
rims, and some cores (only in sample 15CC02-3) dis-
play oscillatory zoning patterns. Most zircon grains
and some zircon cores show sector zoning or fir-tree
zoning patterns or lack any zoning (fig. 5A).
A total of 86 spots from the three samples (15CC02-
2, 15CC02-3, and CC13-05) were analyzed for U-Pb
ages. The results are presented in table A1 and fig-
ure 5. Of the 28 spots analyzed on zircons from
15CC02-2, the 206Pb/238Uages range from416to443Ma,
and related Th/U ratios range from 0.05 to 0.13 (mostly
!0.1). Most of the analyzed results show high con-
cordance (190%), and the concordia age of this sam-
ple is 4285 2 Ma (MSWD p 0:29). Several analyses
were done on zircon cores, and most of them exhibit
206Pb/238U ages similar to those from the analyses of
other zircon sites, such as the zircon grain with two
spots (25 [rim] and 26 [core]). However, exceptions
do exist. For example, the 206Pb/238U age of spot 12 is
4435 6Ma, while that of spot 11, the rim part of the
same zircon grain, is 4225 6 Ma, younger than that
of spot 12. Of the 29 spots analyzed on zircons from
15CC02-3, the 206Pb/238U ages range from 379 to
806 Ma. The spot with the young 206Pb/238U age of
379Ma is discordant (217%). As to the old 206Pb/238U
age of 806 Ma, this age result was given by an
oscillatory-zoned zircon core, and the Th/U ratio of
this spot is 0.69 (spot 15; fig. 5A). All the other spots
gave 206Pb/238U ages of 416–440Ma, with Th/U ratios
ranging from 0.01 to 0.17 (mostly !0.1; table A1).
Some of these spots have relatively older ages of 435–
440 Ma and/or high Th/U ratios (10.15), and they
are all zircon cores, such as spots 6 (206Pb/238U age p
431Ma, Th=U p 0:17), 13 (206Pb/238U age p 440Ma,
Th=U p 0:04), and 23 (206Pb/238U age p 438 Ma,
Th=U p 0:02). All other core spots exhibit 206Pb/238U
ages indistinguishable from those of zircon rims. Con-
cordant ages of this sample give a weighted mean
206Pb/238U age of 4275 2Ma (MSWD p 0:2; fig. 5C).
Twenty-nine spots on the other garnet amphibolite
sample, CC13-05, were analyzed, and their 206Pb/238U
ages range from 414 to 439 Ma. Several zircon cores
in this sample give ages similar to those from other
analysis sites. All of the data show high concordance,
and they give a weighted mean average 206Pb/238U age
Figure 5. A, Cathodoluminescence images of representative zircon grains; the scale bars are all 100 mm. B–D,
Secondary-ion mass spectroscopy zircon U-Pb results. A color version of this figure is available online.
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of 4275 2 Ma (MSWD p 0:89; fig. 5D). Their Th/U
ratios range from 0.03 to 0.13, and only two spots on
cores display Th/U ratios of 10.1 (table A1).
Zircon O and Lu-Hf Isotopic Results. Zircon O
isotope analyses were undertaken on all three gar-
net amphibolite samples, and the results are shown
in table A2 and figures 6 and 7. The d18O values of 28
analyzed spots on zircons of 15CC02-2 range from
8.38‰ to 9.74‰, and they show two peaks, at 8.9‰
and9.2‰ (fig. 6A). Even thoughmost spots (including
zirconcores and rims) exhibit similar d18Ovalues, spots
with the lowest d18O values are all zircon cores (e.g.,
spots 2 and 26; fig. 7; table A2), while spots with the
highest d18O values are all zircon rims (e.g., spot 11;
fig. 7; table A2). The d18O values of 29 analyzed spots
on zircons of 15CC02-3 range from8‰ to 9.33‰, and
they show a peak at 9.1‰ (fig. 6C). Like those in
sample 15CC02-2, the lowest d18O values of this sam-
ple are also given by zircon cores (e.g., spots 15 and 23;
fig. 7; tableA2), while the highest d18O values are given
by zircon rims. The d18O values of 29 analyzed spots on
zircons of CC13-05 scatter within a small range of
8.94‰–9.96‰, with a peak of 9.4‰ (fig. 6E).
ZirconLu-Hf isotopic results of these three samples
are presented in table A3 and figures 6–8. All the
analyzed grains show low 176Lu/177Hf ratios (mostly
!0.002), and most analyzed grains have 176Hf/177Hf
ratios within a small range (fig. 7). During the calcu-
lation of εHf(t) values, the apparent zircon 206Pb/238U
age for each zirconwas used.Of the 28 analyzed spots
Figure 6. Secondary-ion mass spectroscopy zircon O isotope results (A, C, E) and εHf(t) value probability density
diagrams of zircon Lu-Hf results (B, D, F).
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on zircons from 15CC02-2, the 176Hf/177Hf ratios are
0.282836–0.282919 and the calculated εHf(t) values
and model ages (TDM1(Hf)) scatter within ranges of
11.6–14.88 and 463–571 Ma, respectively (table A3).
The εHf(t) values showapeak at113.5 (fig. 6B). A total
of 29 spots on zircons from 15CC02-3were analyzed,
and these zircons have 176Hf/177Hf ratios of 0.282430–
0.282937. Calculated εHf(t) values and model ages
(TDM1(Hf)) are 22.99 to 15.06 and 1145–439 Ma, re-
spectively (table A3). The several grains with low
176Hf/177Hf ratios are mostly zircon cores or zircons
showing textural characteristics distinct from those
of other zircons (spots 15, 17, 22–24; fig. 7). The
176Hf/177Hf ratios of these grains are similar (fig. 7).
All other zircon sites have εHf(t) values of 9.8–15.06
(peaking at111.6; fig. 6D) and model ages (TDM1(Hf))
of 439–633 Ma (table A3). The 176Hf/177Hf ratios of
the 28 analyzed spots on zircons from CC13-05 scat-
ter within a small range of 0.282802–0.282907. Their
calculated εHf(t) values range from 10.47 to 13.96, and
the related model ages (TDM1(Hf)) range from 480 to
624 Ma (table A3).
In the d18O-versus-176Hf/177Hf diagram (fig. 7), most
grains exhibit constant 176Hf/177Hf ratios but with a
greater scatter in d18O values (fig. 7), which is nor-
mal for metamorphic zircons because many fluid-
assisted zircon alteration processes (e.g., coupled
dissolution-reprecipitation) will change O isotope
compositions of zircons but will do nothing to 176Hf/
177Hf ratios of zircons (Geisler et al. 2007; Zhao et al.
2015a). The several grains with low 176Hf/177Hf ra-
tios from sample 15CC02-3 exhibit negative correla-
tionsbetween 176Hf/177Hf ratios and d18Ovalues (fig. 7).
The one core that shows oscillatory zoning and has
a 206Pb/238U age of 806 Ma has the lowest d18O value.
In the zircon U-Pb age–versus-εHf(t) diagram (fig. 8A),
most of the grains plot near the depleted-mantle evo-
lution line. The model ages (TDM1(Hf)) of the three
garnet amphibolite samples peak at ca. 547 Ma
(fig. 8B).
Whole-Rock Sm-Nd Results. The major- and trace-
element whole-rock compositions of these samples
were reported by Zhao et al. (2015b). These me-
tamafic rocks have SiO2 contents of ∼52 wt% and
MgO contents of ∼7 wt% and display heavy-REE
enrichment (La=YbN≅0:7) and almost no Eu anom-
alies (fig. 8D). Sm-Nd isotopic results of the three
samples are presented in table A4 and figure 8C,
8E. All three samples have high 147Sm/144Nd ratios
of 0.20508–0.205832, and their 143Nd/144Nd ratios
Figure 7. Zircon 176Hf/177Hf ratio versus d18O value diagram of the three metamafic samples.
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are 0.513075–0.513103. Elemental fractionation co-
efficient (ƒSm/Nd) values are all near 0 (0.043–0.046;
table A4). In the zircon U-Pb age–versus-εNd(t) dia-
gram, the three samples all plot on or near the
depleted-mantle evolution line (fig. 8C).
Discussion
Igneous and Metamorphic Geochronology. Most
zircons and some zircon cores from the three gar-
net amphibolite samples exhibit round or ellipsoidal
shapes and exhibit sector-zoning or fir-tree-zoning
internal structures or lack any zoning patterns in CL
images. Their Th/U ratios are mostly below 0.1.
These are typical characteristics of metamorphic
zircons (e.g., Vavra and Hansen 1991; Rubatto and
Gebauer 1996; Rubatto et al. 1999; Vavra et al. 1999;
Corfu et al. 2003). Therefore, the concordant 206Pb/
238U ages of these zircons, ∼427 Ma, can be consid-
ered to represent the time of Paleozoic metamor-
phism. Because these samples all have the same
amphibolite faciesmineralassemblage (amphibole1
garnet 1 plagioclase; Miyashiro 1961; Spear 1995),
this time of ∼427 Ma likely represents the time of
amphibolite facies metamorphism in the Chencai
area. These metamorphic zircons display relatively
uniform Lu-Hf but have some dispersion in O iso-
topic compositions.
Apart from thesemetamorphic zircons, two other
kinds of zircons are identified according to their
206Pb/238U ages and O-Hf isotopic compositions.
One group of zircons (solely consisting of structural
cores) exhibit fir-tree or sector zones in CL images,
typical of metamorphic zircons (e.g., Vavra and
Hansen 1991; Rubatto and Gebauer 1996; Rubatto
et al. 1999; Vavra et al. 1999; Corfu et al. 2003).
These cores exhibit lower d18O values (∼8.4‰) and/
or higher 206Pb/238U ages (∼440 Ma) than the above-
discussedmetamorphiczircons, for example, spots2,
12, 26, and 28 in sample 15CC02-2 (fig. 7; table A2).
The distinct characteristics of internal structures
andHf isotope compositions suggest that theymight
be the products of a different zircon formation event.
Their older age of ∼440 Ma (concordant 206Pb/238U
ages of several zircon cores) suggests that this zir-
Figure 8. A, εHf(t) values versus zircon U-Pb ages. B, Probability density of zircon Hf model ages, showing a peak at
∼547 Ma. C, εNd(t) values versus zircon U-Pb ages. D, Spider diagram of metamafic rocks (from Zhao et al. 2015b).
E, 143Nd/144Nd-versus-147Sm/144Nd diagram, displaying whole-rock Sm-Nd compositions of metamafic rocks. CHURp
chondrite uniform reservoir.
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con formation event might correspond to an earlier
metamorphic stage. These zircon cores survived the
superimposed ∼427Mametamorphism and retained
their original U-Pb-O-Hf isotopic compositions. A
previous study gave a metamorphic age of 436 Ma,
using the zircon U-Pb laser ablation (LA)-ICPMS
method (Zhao et al. 2015b). Besides the analytical
errors that might have caused the age difference, the
age of 436 Ma might be the mixed result of two ep-
isodes of metamorphism, because bigger spot sizes
are needed during the LA-ICPMS analyses.
The other group of zircons is identified by dis-
tinctively low 176Hf/177Hf ratios, and they occur only
in sample 15CC02-3 (fig. 7). One of them, displaying
oscillatory zoning and a high Th/U ratio, gives a
concordant 206Pb/238U age of 806Ma. This zircon also
shows the lowest d18O value (spot 15; fig. 7). Char-
acteristics of this zircon indicate its magmatic origin
(e.g., Vavra and Hansen 1991; Rubatto and Gebauer
1996; Rubatto et al. 1999; Vavra et al. 1999; Corfu
et al. 2003). The similarity of their 176Hf/177Hf ratios
suggests that the zircons of this group are primarily
of the same genesis, because zircons formed from
different geological processes or different sources
display obviously different 176Hf/177Hf compositions
(Gerdes and Zeh 2009; Zhao et al. 2015a). Several
possibilities exist for the primary genesis of these
zircons: (1) magmatic zircons crystallized from the
protolith of metamafic rocks, (2) magmatic zircons
entrained from the country rocks by the protolith of
metamafic rocks during its emplacement, or (3) xe-
nocrystic zircons introduced from adjacent metased-
imentary rocks by the intruded anatectic veins. The
first possibility is highly unlikely, for the following
reasons. First, the protolith of garnet amphibolite has
an undersaturated basaltic silica composition, from
which magmatic zircons seldom crystallize. Second,
Lu-Hf and O isotopic compositions of these grains
are distinct from those of most other grains in this
sample, which strongly suggests that such zircon
cores are crystallized from a different chemical res-
ervoir. According to field observations and a previ-
ously published geochronological framework of the
Chencai metasedimentary rocks, we favor the third
possibility. As is shown in figure 3, these mafic rocks
were extensively intruded by anatectic veins originat-
ing from the Chencai metasedimentary rocks (fig. 3).
Zirconswith suchNeoproterozoic ages and Lu-Hf iso-
topic compositions are abundant in these migmatitic
metasedimentary rocks (Yao et al. 2014; Zhao et al.
2016; Li et al. 2018). Although less likely, the second
possibilitycannotberuledout,becauseentrainmentof
zircons from country rocks during the emplacement
of magmatism can easily occur. Anyway, it is safe to
conclude that the Neoproterozoic age of this magma-
tic zircon core cannot represent the age of the pro-
tolith of these garnet amphibolites.
Zircons from the three studied samples mostly
exhibit high positive εHf(t) values of ∼12 (fig. 6), and
the related model ages (TDM(Hf)) cluster at ∼547 Ma
(fig. 8). The εNd(t) values calculated with whole-rock
Sm-Nd isotopic results are also high positive, and the
related one-stage model ages (TDM1(Nd)) are Neopro-
terozoic to Mesoproterozoic (0.84–1.44 Ga), much
older than thezirconHfmodel ages.However, theSm
and Nd elemental fractionation coefficients (ƒSm/Nd)
of these samples are too low (near 0), and rocks with
such low fSm/Nd values usually give one-stage Sm-Nd
model ages older than they should be (Jahn et al.
1990).Therefore, the zirconHfmodel ages of∼547Ma,
rather than the one-stage Sm-Nd model ages, can be
considered to represent the approximate time of pro-
tolithmagmatism derived from the depleted-mantle
source. As shown by the zircon O-Hf isotopic char-
acteristics discussed above, these metamorphic zir-
cons experienced certain contamination from high-O
and low-176Hf/177Hf crustal materials. Therefore, only
their lowest Hf model ages can be considered to rep-
resent themost appropriate estimate of protolith age,
because crustal contamination would always elevate
zirconHfmodel ages. The study of Zhao et al. (2015b)
gave anHfmodel age of 496Ma.We therefore propose
that such an age could be a better estimate of the time
ofmaficmagmatism.
Protolith Magma Source and Tectonic Implications.
The studied garnet amphibolites have basaltic geo-
chemical compositions, and their REE and trace-
element diagrams resemble those of N-MORB (Zhao
et al. 2015b). As discussed above, most metamor-
phic zircons of these three metamafic samples dis-
play relatively homogeneous Lu-Hf compositions,
but with some systematic variation of the O isotopic
composition from the center to the rims of the grains
(fig. 7). Isotopic compositions of these metamorphic
zircons can be used to trace characteristics of chem-
ical reservoirs from which the zircons crystallized
(Zhao et al. 2015a; Manton et al. 2017). The calcu-
lated high positive εHf(t) values and the εHf(t)-versus–
zircon U-Pb age diagram (fig. 8) both show that meta-
morphic zircons crystallized from newly formed
crustal materials derived from a depleted-mantle
source. Whole-rock Sm-Nd isotopic compositions of
these metamafic samples are also similar to those of
basalts derived from the depletedmantle (Wasserburg
et al. 1981). In the εNd(t) values–versus–zircon U-Pb
age diagram, these samples all plot on the depleted-
mantle evolution line. Sm-Nd isotope compositions,
therefore, also suggest that these garnet amphibo-
lites were originally newly formed crustal materials
from the depleted-mantle source. However, O iso-
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topic compositions of these zircons (d18O values of
about19‰) are elevated over those of magmatic zir-
cons crystallized in mantle-derived magmas (zircons
equilibrated with mantle-derived melts have d18O
values of ∼5:3‰5 0:6‰; Valley et al. 1998; Valley
2003). A possible explanation for these contrasting
isotopic characteristics might be that the O isotopic
compositions of the fluids from which most zircons
crystallized had been equilibrated with high-d18O
sediments yet still retained the Lu-Hf isotopic com-
position of the original basalts. Zircon O isotope re-
sults show that as metamorphic zircon growth pro-
gressed, therewas an overall shift in d18O from below
19 to above 19 (fig. 7). This is interpreted as re-
flecting the evolving fluid-phase compositions as
metamorphism progressed, perhaps related to the
involvement of more high-d18O components during
metamorphism.
Apart from the mafic rocks of this study, which
indicate an early Paleozoic depleted-mantle source,
all other Paleozoicmafic-ultramafic rocks (withmag-
matic zircon U-Pb ages of 420–450 Ma) reported
from theCathaysia Block exhibit enriched chemical
and isotopic compositions, indicating an enriched-
mantle source (Yao et al. 2012; Wang et al. 2013b;
Zhao et al. 2015b; Zhang et al. 2016). As described
above, several different geodynamic processes have
been proposed to address the petrogenesis of these
rocks. Yao et al. (2012) proposed that lithospheric
mantlemetasomatism occurred during the Paleozoic
postorogenic stage and that this processwas achieved
by delamination of the orogenic root, while Wang
et al. (2013b) suggested a model in which the litho-
spheric mantle was metasomatized during the Neo-
proterozoic. For both of these models, postorogenic
delamination behaved as the trigger of the partial
melting of lithospheric mantle, which thus formed
these mafic rocks. Zhang et al. (2015a, 2016) and
Zhao et al. (2015b, 2016), however, proposed that this
orogeny might have involved significant subduction
(or underthrusting) and that fluids derived from sub-
ducted materials during the early Paleozoic resulted
in the metasomatism and partial melting of litho-
spheric mantle. Although these different models
have been proposed, a consensus exists amongmost
of these researchers that deep lithospheric fracture
reaching asthenosphericmantlewas absent from the
early Paleozoic orogenic belt (e.g., Ren et al. 1986;Ren
andChen 1989; Lin et al. 2008; Z.-X. Li et al. 2010c; S.
Li et al. 2012; Shu 2012; Wang et al. 2012b, 2013b;
Yao et al. 2012; Shu et al. 2014; Zhao et al. 2015b;
Zhang et al. 2016). However, the metamafic rocks of
this study seem to suggest a different tectonic setting
for the Paleozoic orogeny of SouthChina, if theywere
not allochthonous components originally formed at
other continental boundaries.
Conclusions
1. The garnet amphibolites (metamafic rocks) occur
as lenses and dismembered blocks within the ana-
tectic migmatites of the Chencai Group metasedi-
mentary rocks.NewSIMS zirconU-Pbdating results
show that these mafic rocks underwent high-grade
metamorphismat∼427Ma, similar to that of themeta-
sedimentary rocks. Concordant ages of ∼440 Ma for
some metamorphic zircon cores suggest that these
amphibolites underwent multiple stages of meta-
morphism during the early Paleozoic orogeny.
2. Zircon O isotope analyses results have d18O
values scattering around 19 ‰. Most of these meta-
morphic zircons also possess relatively uniform Lu-
Hf isotopic compositions, with calculated εHf(t) val-
ues ranging from 9.8 to 15.1. Zircon Hf model ages
peak at ∼547 Ma, older than the previous result of
496 Ma. We suggest that these newly formed crustal
materials were likely extracted from the mantle dur-
ing the early Paleozoic.
3. The presence of these metamafic rocks might
suggest that the previous notion—that a deep litho-
spheric fracture reaching asthenospheric mantle was
absent from the Early Paleozoic South China Oro-
gen—needs to be reconsidered.
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